Dedicated to Professor Dr G. Spiteller of Universitit Bayreutb on the occasion of his 60th birthday Beazophen~es u initially protonated at the carbonyl group were prepnred by electrobimpact induced dissocation of l,ldipbe~ylpr~panols (compounds 1-5). These protonated ketones decompose in tbe ion source and the second field-free region of a reversed geometry mass spectrometer by proton migration to one of the pbenyl groups and subsequent elimination of benzene. In tbe case of derivatives substituted by methoxy groups and triauoromethyl groups, respectively, the proton migrates p r e d~m i~~t l y to the more basic benzene ring, resulting in tbe elimination of anisole in the former case and of benzene in tbe latter case. A study of protonated beazophenones labelled at the pheoyl ring and at tbe carbonyl group shows that only a few interannular H/D exchange steps precede tbe fragmentatioa Tbis is observed not only for metastable ions in tbe magnetic sector instrument but also for ions of long lifetimes investigated by Fourier-transform-ion cyclotron resonance (FT-ICR) spectrometry. This is in contrast to the arene elimination from protonated 1,dphenylakanes and related polypbenylnll.aes which fragment by complete p o s i t i d exchange of all hydrogen atoms at tbe aromatic rings. Tbe special behaviour of protoluted b e m phenoaes is attributed to a low barrier for the decomposition of a cbemicaUy activated arenium ion b, which arises from the initial proton tramfer. Once b is formed, it decomposes quickly without much interannular proton exchange.
INTRODUCTION
Arenium ions, ie. protonated aromatic species, are an interesting class of organic cations which have been intensively studied during the last few years.' In the condensed phase, stable arenium ions are of great interest to chemists as reactive intermediates of important reactions of aromatic compounds. This refers primarily to the electrophilic aromatic substitution,' but also to acid-catalysed transformations3 connected with the shifts of substituents in aromatic molecules (isomerization reactions) and with the intermolecular transfer of substituents.
In the gas phase, alkyl benzenium ions formed by chemical ionization fragment typically by dealkylation resulting in alkyl cations and benzene and by alkene elimination to form a protonated ben~ene.'~'~ Furthermore, gaseous arenium ions undergo proton rearrangement reactions both by intramolecular proton shifts and by intermolecular proton transfer.' In particular, fast interannular proton exchanges are observed in protonated a,w-diphenylalkaness' even if the aromatic rings are separated by a long chain of CH, units. A fast proton exchange occurs also in protonated tri-and tetra-benzylmethane, involving the 15 and 20 hydrogen atoms, respectively, at the phenyl groups and the additional proton.6 However, the proton exchange is suppressed in certain protonated diphenylcycloalkanes if the steric orientation of the phenyl groups prohibits a close contact between the aromatic groups.' This confirms that the proton transfer between the aromatic moieties occurs by a direct transfer. For all these protonated polyphenylalkane derivatives, fragmentation occurs by the elimination of a neutral benzene molecule formally corresponding to a dealkylation process. The structures of the resulting ions are not known unambiguously,* but the elimination of the benzene is very likely associated with a rearrangement to a stable fragment i~n .~~~~ A reduced probability for the interannular proton exchange is also found in protonated diphenylmethane.' In this case, the corresponding metastable ions exhibit only a few interannular exchange steps before loss of benzene. This divergent behaviour of protonated diphenylmethane as compared to its higher homologues may arise from some steric congestion in the transition state for the proton transfer in the absence of a long flexible link between the phenyl groups. However, the elimination of benzene from protonated diphenylmethane occurs by a direct dealkylation to a stable C,H,+ ion and does not require necessarily a rearrangement. Therefore, the apparently slow proton exchange in protonated diphenylmethane preceding the benzene elimination may be in fact due to a more facile fragmentation of the parent ion. Consequently, ions of unusual low internal energy are sampled in the massanalysed ion kinetic energy (MIKE) spectrum which do not have enough energy to surmount an activation barrier of the interannular proton exchange. A considerable activation barrier is very likely present for the intramolecular proton transfer from a protonated carbony1 group to an aromatic ring." Furthmore, the bimolecular proton exchange between a benzenium ion and a benzene molecule is rather slowsc indicating an activation barrier also for this process. In view of these 0030493X/9 1/121O45-O7 $05.00
results it is of interest to study in the gas phase the proton exchange and fragmentation of other protonated molecules, in which two phenyl groups are linked by a small group or atom, and which fragment by a direct loss of an arene molecule from the intermediate arenium ion. In this contribution we report on the mass spectrometric behaviour of protonated benzophenone and some of its substituted derivatives.
RESULTS AND DISCUSSION
Protonated benzophenone is most easily prepared in the gas phase by protonation of benzophenone in a suitable chemical ionization (CI) experiment. The carbony1 group of benzophenone is certainly the most basic site of the molecule (proton affinity (PA) (acetone) = 823 kJ mol-','' PA(to1uene) = 794 kJ mol-I," PA(benzophenone) = 882 kJ mol-' 'I), and consequently the most stable structure of protonated benzophenone corresponds to the diphenylhydroxymethyl cation a (Scheme 1). However, depending on the reagent gas used for the CI experiment, a protonation at the phenyl groups may also occur, and in fact, the aromatic ring may be the most basic site of benzophenones substituted by electron donors (e.g. CHJO substituent, PA(aniso1e) = 838 kJ mol-' ''). Hence, it is more convenient to prepare protonated benzophenones initially protonated at the carbonyl group by electronimpact induced fragmentation of suitable alkyldiphenylcarbinols."
In this study ethyl-diphenylcarbinols 1-5 (Scheme 1) were used. The 70eV mass spectra of these compounds exhibit characteristically an intense signal for ions [M -C,H,]+ corresponding to a, and large peaks due to benzoyl ions ( Fig.  1 and Table 1 ). Metastable ions a decompose by far predominantly by loss of a (substituted) benzene molecule.
This fragmentation is initiated by an intramolecular proton transfer from the carbonyl group to one of the aromatic rings generating a tautomer b with the structure of a benzoyl benzenium ion. The occurrence of an endothermic proton transfer from a carbonyl group to the aromatic ring has been proven previously by the fragmentations of protonated aromatic ketones substituted by methoxymethyl groups.129' In the present case loss of a benzene is the only fragmentation energetically accessible. However, an interannular proton transfer between both aromatic group may precede this fragmentation and was studied by the fragmentations of suitable deuterated derivatives of a.
Deuterated benzophenones
The structures of the deuterated derivatives used in this study are shown in Scheme 2. It is difficult to obtain the 70 eV mass spectra of hydroxy compounds completely deuterated at the hydroxy group owing to the fast exchange with residual water in the ion source of the mass spectrometer. Hence, only the mass spectrum of lds fully deuterated at one phenyl group is reported in The MIKE and collisional activation (CA) spectra of these deuterated ions are shown in Table 2 . The MIKE spectrum of a-OD, corresponding to a carbonyldeuteronated benzophenone, exhibits signals for the loss of C6H,D and C&, the latter requiring an interannular H/D exchange after the initial D + migration to one of the phenyl groups (Scheme 3). Similarly, the MIKE spectrum of a-d, reveals some H/D-exchange by a small peak owing to the loss of C6H,D besides those for the elimination of C6H6 and CsHDs. Finally, the MIKE spectrum of a-d,(OD) contains a signal for the loss of C6HD, which again has to arise from an interannular proton transfer. However, in all spectra the relative abundances of the signals indicating the H/D exchange are small, and the ratio of the abundances for the loss of the isotopomers C6H6-xDx are far from those calculated for a statistical distribution of the label prior to the fragmentation. In the latter two cases no signals due to an exchange of more than one H or D atom by several reversible interannular transfer steps are detected. Hence, protonated benzophenone a suffers in the average less than one interannular proton transfer step within the lifetime of metastable ions in a VG ZAB-2F mass spectrometer (-10 ps).
In passing, one notes that contrary to the decompositions in the ion source, the relative abundance for the loss of C6HD5 from metastable a-d, is less than for the -C6HDs] = 1.11). Thus, the (net) isotope effect for the benzene elimination is reversed for the metastable ions, and its direction depends strongly on the internal energy of the decomposing ion. The observed isotope effects result obviously from a complicated amalgamation of H/D isotope effects for the individual reaction steps: (i) a secondary isotope effect for the initial migration of H + from the carbonyl group to either C6Hs or C6DS ; (ii) a primary isotope effect for intra-and interannular H/D migration; (iii) a secondary isotope effect for the eventual loss of benzene isotopomers. The available experimental data do not allow the separation of these contributions to the isotope effect.
The CA spectra of a and its isotopomers a-d, and ud,(OD) are shown in Table 3 . The most intense signal in the spectrum of u at m/z 105 is still due to the benzene elimination but another abundant fragment ion is the phenyl cation, m/z 77. Each of these signals is split into two peaks at m/z 77 and m/z 82 and m/z 105 and m/z 110, respectively , in the spectrum of a-d, . The mass resolution of the CA spectra is too low to resolve any small peaks due to H/D exchange (however, see below for the ICR spectra). Nevertheless, the relative abundance of the loss of C,HD, has increased and the ratio -C6H6/ -C6HD6 = 0.87 is nearly identical to that found in the 70 eV mass spectrum. These results referring to the reactions of protonated benzophenone within 10 ps or less show clearly that an interannular H migration subsequent to the proton transfer from the carbonyl group to the aromatic rings is slow and does ICR cell are stable with respect to any further spontaneous decomposition. The ions fragment, however, by collisional activation after introducing argon into the ICR cell and exciting the ions kinetically by an appropriate rf pulse. To detect any slow interannular H/D-exchange within these ions two types of experiments were performed. In the first series of experiments the collisioninduced decomposition of the ions were achieved by a constant kinetic excitation by a rf pulse of constant amplitude and duration (8-9 ps), but after varying the reaction time between isolation and excitation of the ions from 0.001 to 5.0 s. Thus, any slow interannular H/D exchange will give rise to the elimination of the benzene isotopomers C,H,-,D, (x = 1-4) increasing with reaction time. In the second series of experiments, the reaction time before the collision-induced decomposition was kept constant, but the kinetic excitation of the ions was increased by increasing the duration of the rf pulse for the acceleration of the ions from 8 ps to 20 ps. Thus, the ions in the ICR cell accumulate more kinetic energy, which can be used for collision-induced decompositions, and any dependence of the interannular H/D exchange on the internal energy of the ions a-d, during the decomposition should be observed.
The results for both experiments are presented in Tables  4 and 5, respectively. Under the conditions of the first series of experiments ( Table 4) about 70% of the ions a-d, decompose mainly by benzene loss. The much better resolution of the ICR spectrometer (and the investigation of a pure lZCspecies!) allows clearly the observation of signals due to the elimination of all possible isotopomers C6Hs-,D,. However, the relative abundances are again far from the values for a statistical distribution of the labels prior to the decomposition. More important, the peak patterns in these CA spectra of long-lived ions a-d, are independent of the reaction time preceding the collisional activation. Thus, the small extent of H/D exchange observed for a-d, in the 70 eV EI mass spectra as well as in the MIKE spectra and the CA spectra obtained by the ICR technique is not due to a slow continuous process but must have occurred either before the formation of a-d, by electron-impact induced dissociation of ids, or during the further decomposition of activated
This latter possibility has been tested in the second type of experiment by varying the amount of energy transferred to stable a-d, during collisional activation. The increase of the collision energy is clearly seen from the values in Table 5 by the decrease of the relative abundance of the parent ion a-d, and the increasing intensities of low-mass fragment ions. However, a nearly constant degree of H/D exchange independent of the collision energy of the precursor ions is ~bserved.'~ The most likely explanation for the invariance of the amount of H/D exchange of the ions a-d, with respect to lifetimes spanning from microseconds (MIKE spectrum) to seconds (ICR-CA spectrum) is an H/D exchange occurring in competition with the fragmentation of a chemically activated species protonated at the aromatic ring.
The proton transfer from the carbonyl group to the aromatic ring of a is endothermic and MNDO calculations have shown" that this transfer needs additional activation energy. Hence, the benzenium ion b is always formed (from a) with a considerable amount of free internal energy. This excess energy is used either for a a d , . proton transfer between the two phenyl groups or for a protiolysis of the bond to the carbonyl group and the release of a benzoyl cation. Obviously, the 'direct' bond cleavage yielding the stable benzoyl cation is favoured entropically and limits the life time of isomer b to a short interval excluding a substantial H/D exchange by multi-step proton or deuteron transfer between the aromatic rings (Scheme 3). According to this mechanism, the ions a observed in the MIKE spectra are not metastable because of a slow fragmentation but because of a slow proton transfer from the carbonyl group to the benzene ring. Once the isomer b is formed, it decomposes quickly because of this chemical activation. In fact, the loss of benzene from a (or b) gives rise to a broad Gaussian-shaped peak in the MIKE spectrum. A kinetic energy release (KER) of 192 meV has been calculated from the width of the peak at 50% intensity. This is a rather larger KER for a direct bond cleavage and shows clearly that an energy and rate determining step precedes the formation of the benzoyl cations from a, as required by the mechanism proposed.
Substituted benzophenones
The ethyl diphenylcarbinols (25), substituted at only one of the pheng rings, give rise to unsymmetrically substituted protonated benzophenones by electronimpact induced dissociation. The further decomposition of these substituted derivatives of a by proton migration from the carbonyl group and loss of an arene molecule may occur in principle by loss of C6H6 and C6HSX (X = OCH,, CF,), respectively, giving rise to a substituted benzoyl cation X-C,H4COf (X = CH30, m/z 135; X =CF,; m/z 173) or the benzoyl cation C6HSCO+, m/z 105. Indeed. Table 1 shows that both fragmentations are observed for the ions decomposing in the ion source, but with different probability. In the case of the CH,O substituent (2 and 3) the loss of anisole and formation of the unsubstituted benzoyl cation is favoured especially for the meta-isomer 3, while in the case of a CF, substituent (4 and 5) benzene is lost preferentially and the substituent is retained in the benzoyl cation. The same influence of the substituent is observed even more definitely in the MIKE spectra of the substituted ions a ( Table 6 ). The CH,O substituted ions a(p-OCH,) and a(m-OCH,) eliminate predominantly anisole in particular in the case of metasubstitution while CF, substitution in a(p-CF,) and a(m-CF,) leads to preferred loss of benzene but without a distinct positional effect. Obviously, the initial proton migration from the carbony1 group to the more basic aromatic ring determines the fragmentation for high-energy ions reacting in the ion source as well as for metastable ions. This is compatible with only insignificant hydrogen migration between the substituted and unsubstituted phenyl groups, and is confirmed by the fragmentation of deuterated analogues of the substituted ions a. The MIKE spectra of a(p-CF,)(OD) and a(m-CF,)(OD) contain signals of CF3C6H,CO+ and CF3C6H3DCO+ at m/z 173 and m/z 174, respectively, in the ratio 100:8. The small signal of the benzoyl cation, however, is split into signals for C6HSCO+, m/z 105 and C6H4DCO+, m/z 106, in a ratio of approximately 1 :l. Obviously, the few metastable ions of higher internal energy fragmenting by this process suffer more H/D exchanges. The methoxy substituted derivatives behave somewhat differently. In the case of the deuterated derivatives of ion a(p-OCH,), the H/D exchange observed during the formation of the benzoyl cation by the low-energy route corresponds approximately to the exchange in a. However, no H/D exchange accompanies the formation of the para-methoxybenzoyl cation by the high-energy route. In contrast, the formation of the benzoyl cation from the meta-methoxy derivatives a(m-OCH,)(OD), a(m-OCH,)d, and a(m-OCH,)d,(OD) occurs without H/D exchange, whereas the peak of the metamethoxybenzoyl cation, m/z 135, is completely shifted to m/z 136 in the MIKE spectra of a(m-OCH,)(OD) and a(m-OCH,)d,(OD). This difference between the positional isomers a@-OCH3) and a(m-OCH,) probably indicates a migration of the proton from the carbonyl group to the ortho-position of the methoxylated ring of the meta-isomer. This position exhibits an especially large local proton affinity due to its para-orientation to the methoxy substituent. Hence, the proton (deuteron) transferred to this position tends to stay there, and no H/D exchange is observed during the further fragmentations.
EXPERIMENTAL

Mass spectrometry
The EI mass spectra of 1-5 and their deuterated derivatives were obtained with a MAT CH5 mass spectro- meter under the following conditions : electron energy 70 eV; ion source temperature -180 "C; accelerating voltage 3 kV, introduction of the samples at ambient temperatures by direct insertion probe; recording of the spectra by a Technivent data system. The MIKE spectra were recorded with a VG ZAB-2F mass spectrometer using the following conditions : electron energy 70 eV, ion source temperature -180°C, accelerating voltage 6 kV, sample introduction by a homebuilt direct inlet system at 100°C. The ions a generated in the ion source were focused magnetically into the second fieldfree region after the magnet and the metastable ion spectra were recorded by scanning the deflecting voltage of the electrostatic analyser. The CA spectra were obtained by the same technique but introducing He as collision gas into the collision cell of the second fieldfree region at such a rate, that the intensity of the main beam was attenuated to -30%. The H/D exchange at long life times was studied with a Bruker Spectrospin IT-ICR spectrometer. The ions were generated in the external ion source by electron-impact ionization with 70 eV electrons and the ions transferred into the ICR cell at a background pressure of 1-2 x lo-' mbar. The deuterated analogues of ion a were isolated by broadband ejection of most ions and a series of 'single shots' exciting ion specifically at neighbouring m/z values to the ions a. For the further procedure see above.
Compounds
All compounds were prepared and purified by standard methods of organic chemistry. The correct structure was established by 'H-NMR and the purity controlled by chromatographic methods. Z,Z-Diphenylpropanol (1) was prepared by reaction of propiophenone (0.1 mol) with phenylmagnesium bromide (0.1 mol) in ether; yield 71%. Z-(p-Methoxyphenyl)-1-phenylpropano2 (2) was obtained by the same method using propiophenone (0.22 mol) and pmethoxyphenylmagnesium bromide (0.22 mol) ; yield 54%. 1-(m-Methoxyphenyl)-I-phenylpropanol (3) was synthesized using propiophenone (0.47 mol) and mmethoxyphenylmagnesium bromide (0.5 mol); yield 40%. I-(p-Tri$uoromethylphenyI)-I-phenyipropanol (4) was prepared by reaction of p-trifluoromethylbenzophenone (0.9 mmol) with ethylmagnesium bromide; yield 39%. I-(m-TriJIuoromethylpheny1)-I-phenylpropanol (5) was obtained similarly from p-trifluoromethylbenzophenone (8 mmol) and ethylmagnesium bromide; yield 45%.
Deuterated compounds
The derivatives deuterated at the hydroxyl group were prepared by several exchanges with D20 and condition- 
